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H I G H L I G H T S G R A P H I C A L A B S T R A C T
 In a murine model of asbestos expo-
sure a relevant inﬂammatory and
atypical hyperplastic reaction was
induced.
 Inﬂamed lung tissue regions of mice
exposed to crocidolite, 1 month after
treatment, were analyzed at two
different synchrotron facilities: a
high and a low energy microscopy
set-up.
 Where conventional histochemical
staining procedures fail to reveal
any signiﬁcant calcium and iron
deposition, m-XRF analysis is able
to detect signiﬁcant deposits of both
iron and calcium on the macrophage
ingested ﬁbers.
 Asbestos ﬁbers can induce iron and
calcium ions sequestration early on
following exposure.
 This process is concomitant with the
appearance of inﬂammatory and
hyperplastic reactions.
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It has been shown in many studies that asbestos ﬁbers, ingested by alveolar macrophages, disrupt lung
iron homeostasis by sequestering iron. Calcium can also be deposited on the ﬁbers. The pathways along
which iron and above all calcium interact with ﬁbers are still unknown. Our aim was that of investigating
if the iron accumulation induced by the inhaled asbestos ﬁbers also involves calcium ions accumulation.
Lung sections of asbestos-exposed mice were analyzed using an extremely sensitive procedure available
at the synchrotron facilities, that provides morphological and chemical information based on X-ray
ﬂuorescence microspectroscopy (m-XRF). In this study we show that (1) where conventional
histochemical procedures revealed only weak deposits of iron and calcium, m-XRF analysis is able to
detect signiﬁcant deposits of both iron and calcium on the inhaled asbestos ﬁbers; (2) the extent of the
deposition of these ions is proportionally directly related and (3) iron and calcium deposition on inhaled
asbestos ﬁbers is concomitant with the appearance of inﬂammatory and hyperplastic reactions.
ã 2015 Elsevier Ireland Ltd. All rights reserved.1. Introduction
Human exposure to asbestos can cause a wide variety of lung
diseases in humans, including inﬂammatory disorders (i.e.,
asbestosis), mesotheliomas and lung cancers (Roggli, 1990).
Asbestos has been banned in many countries, including Italy.
However, sources of exposure still exist, due to asbestos in-situ or
past disposal of asbestos-containing waste. Furthermore it remains
a signiﬁcant occupational risk factor for work-related morbidity
and mortality, causing both benign and malignant diseases, often
with long latency.
Asbestos-induced pulmonary toxicity is thought to be mediated
through redox-cycling of ﬁber-bound and bioavailable iron (Fe)
(Fubini and Mollo, 1995; Ghio et al., 2004). Iron is an essential
element for almost every aspect of normal cell function however,
the oxidant generating chemical properties underlying its essential
functions, also make it a threat. It is thought that asbestos ﬁbers
disrupt iron homeostasis in human and mouse lung (Ghio et al.,
2008, 2009; Jiang et al., 2012) by acting as an unwarranted
chelating agent, forming a complex with host iron (Ghio et al.,
2004) and then presenting it in a catalytically reactive state
generating oxidative stress (Fubini and Mollo, 1995; Wang et al.,
2006), which eventually lead to chronic inﬂammation, ﬁbrotic and
neoplastic diseases (Ghio et al., 2003; Nagai et al., 2011). To limit
the harmful effects of the asbestos-induced oxidative stress, the
host strengthens its anti-oxidant defense mechanisms and
attempts to sequester excess iron so as to make it less available
to the ﬁber surface. The ensuing reactions, which attempt to re-
establish normal metal metabolism in the host (Turi et al., 2004),
result in the production of asbestos bodies (ABs) (Ghio et al., 2004),
namely ferruginous bodies with asbestos ﬁbers as a core, which are
the clue of the capacity of asbestos to accumulate iron (Kane,
2003).
It has been recognized for over 45 years that asbestos ﬁbers in
the lung may be associated with crystalline deposits of calcium
salts. In 1970 Davis proposed that ABs could act as nucleation
centers for rings of apatite crystals (Davis, 1970a). Similar to iron,
calcium could be deposited in the coats of the asbestos ﬁbers
engulfed by macrophages (Davis, 1970b; Brody and Hill, 1982;
Oghiso et al., 1984; Koerten et al., 1990).
Calcium oxalate (CaOx) crystals have been also reported
associated with asbestos ﬁbers and ABs in the lung (Le Bouffant
et al.,1976; de Vuyst et al.,1982) and the intimate association of the
crystals with Fe suggests it could act as nucleation site for CaOx
deposition (Ghio et al., 2003). CaOx is an effective metal chelator
(Perrin, 1979) and, in sarcoidosis for instance, its deposition in the
lung is associated with iron accumulation and oxidative stress
(Ghio et al., 2000).
At present, the mechanisms of, and the relationship between,
the paths involved in iron and calcium mobilization following
asbestos-cell interaction are not entirely clear. An important initial
step towards further unraveling all these issues is the identiﬁcationand localization of the elements in native physiological environ-
ments in tissues and cells. In this respect synchrotron-based X-ray
microscopy is becoming very valuable tool providing a direct
correlation between morphology and chemical composition of the
specimen.
X-ray microscopes, operated at the synchrotron facilities, offer
not only better spatial resolution than visible light ones but also
combine morphological information, through absorption and
phase contrast imaging, and chemical information based on X-
ray ﬂuorescence microspectroscopy (m-XRF). The combination of
X-ray imaging with m-XRF allowed to monitor the distribution of
chemical elements in tissue samples without artifacts (Fahrni,
2007; Ortega et al., 2009; Pascolo et al., 2014), as demonstrated in
our previous study on ABs (Pascolo et al., 2011), in which we
revealed the contribution of iron and magnesium to ABs formation.
In a recent study (Pascolo et al., 2013), we further explored the
chemistry of human tissue reaction to the presence of asbestos by
using a medium energy XRF microscopy set-up. Our results
showed that both calcium and magnesium tend to localize
together with phosphate in the asbestos coating. The high amount
of phosphorus and calcium in the ABs' coating, suggests that
calciﬁcation could occur in addition to iron deposition (Pascolo
et al., 2013).
On the basis of these observations, we hypothesized that Fe
presence or deposition on inhaled asbestos ﬁbers, may induce
simultaneous Ca deposition (as phosphate salts or as CaOx), which
may in turn sustain and amplify iron and ferritin aggregation
around the ﬁbers as shown for oxalate crystals in sarcoidosis (Ghio
et al., 2000).
With the aim of contributing to resolve the initial mechanisms
of tissue reaction to the presence of low amounts of asbestos ﬁbers
exposure, we investigated the early distribution of iron, calcium
and other biologically relevant elements in lung tissue sections, in
a murine model of asbestos exposure using XRF imaging at
different energies and spatial resolutions.
2. Materials and methods
2.1. Crocidolite ﬁbers
The crocidolite ﬁbers used were the UICC reference samples
whose parameters (ﬁber size) and chemical formula are exten-
sively described in literature (Rendall, 1980; Stroink et al., 1980;
Kohyama et al., 1996; Jiang et al., 2012). Analytical standard UICC
samples of crocidolite asbestos were obtained from SPI-CHEM,
West Chester, PA, resuspended in phosphate-buffered saline (PBS)
(Sigma–Aldrich, St. Louis, MO) at a ﬁnal concentration of 10 mg/ml,
and stored at 4 C until use. The ﬁber suspension was passed
through a 23-gauge needle six to eight times to obtain an
homogeneous ﬁber suspension. Fibers were sterilized by autoclav-
ing and used at the indicated concentrations.
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crocidolite
Pathogen-free 6–8 week old male C57Bl/6 mice (Charles River
Laboratories, Calco, Italy) were instilled intratracheally with
100 mg of crocidolite asbestos in sterile saline or saline alone
(control mice) as described by (Trevisan et al., in press). One month
after saline or asbestos instillation, mice were sacriﬁced and
examined for bronchoalveolar lavage ﬂuid (BALF) cell composition,
lung pathology and lung histological staining for iron and calcium
as described by (Trevisan et al., in press).
2.3. Hard X-ray ﬂuorescence at XFM beamline
For the XRF analyses 10 mm thick sections of the parafﬁn
embedded lung [obtained as described by (Trevisan et al., in press)]
were cut from the selected tissue regions, mounted on ultralene
foils (4 mm thick), air-dried and covered by another ultralene foil.
The synchrotron XRF experiments were carried out at two
different synchrotron facilities. In both experimental stations the
X-ray beam was focused on the sample through suitable X-ray
optics. The sample was raster scanned and in each pixel of the
raster scan the emitted X-ray Fluorescence (XRF) photons were
collected by energy dispersive silicon detectors.
The analyses were performed at the XFM beamline (Paterson
et al., 2011) of the Australian Synchrotron (Clayton, Melbourne,
Victoria, Australia) where the monochromatic 12.74 keV X-ray
beam delivered by a Si (111) monochromator was focused by
Kirkpatrick–Baez (KB) mirrors to a spot size of 2 mm  2 mm. The
XRF photons emitted by the sample were collected as an event
stream during scanning by a Maia 384 detector array (Ryan et al.,
2010a,b). The incident X-ray beam passes through the axis of the
detector from the rear, hits the sample, and ﬂuoresces back onto
the detector. The sample plane is 10 mm away from the detectorFig. 1. XRF analyses of crocidolite standard. (For interpretation of the references to col
Crocidolite ﬁbers deposited on an ultralene foil. Panel a: Fe map of an area of 400  400 m
regions indicated in panel a by (red) boxes 1, 2 and 3, respectively. The colour intensitwafer. Thanks to the large solid angle subtended by this detector,
estimated to be 1.25 sr (Ryan et al., 2010a) acquisition times of the
order of a few ms/pixel or even tens of ms/pixel can be used to
provide megapixel elemental maps (Lombi et al., 2011). For our
sample, acquisition of 3–15 ms/pixel were necessary in order to
obtain good count statistics.
The GeoPIXE software was used to unfold the elemental
components of the XRF event stream, using a matrix transform
technique called dynamic analysis (DA) that mimics the operation
of a linear least squares ﬁt to each pixel spectrum only orders of
magnitude faster (Ryan et al., 2010a). It combines the data from the
384 detectors, and projects these onto element images. A
standardless method is used for quantiﬁcation, with system
parameters constrained using analysis of standard thin foils of
Pt, Fe and Mn of known areal concentration and thickness. The
results are concentration maps of all detected elements including
the concentration of the elements of interest, which in our analyses
were Ca, Fe and Zn, that can be reported as parts per million (ppm)
or as percentage by weight (%). XRF analyses were also performed
on crocidolite samples particularly to compare the Fe content of
tissues: 1–4 ml of the same ﬁber suspension used in animals were
deposited on ultralene foils, air-dried, covered by another ultralene
foil and then analyzed. Since these samples are constituted by
aggregates of nano- and micrometric ﬁbers and the real thickness
remains undeﬁned, the quantiﬁcation of the elements in the ﬁbers
may suffer or require normalization to an internal standard
element.
2.4. Soft X-ray microscopy and XRF at TwinMic beamline
Smaller areas of the previously investigated tissue sections
were then analyzed under a low energy microscopy set-up. The
absorption and differential phase contrast images and the low
energy XRF maps were acquired at the TwinMicor in this ﬁgure legend, the reader is referred to the web version of this article.)
m2. Panel b: Ca map of the same area. Panels 1a, 2a and 3a are magniﬁcations of the
y scales are in ppm.
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Elettra synchrotron facility in Trieste (Italy). The TwinMic
microscope was operated in scanning transmission mode (STXM)
where the beam is focused on the sample through a zone plate
diffractive optics providing sub-micron spatial resolution. The
absorption and phase contrast images outline the morphological
features of the sample at sub-micrometer length scales, whereas
the simultaneous detection of the low energy XRF (Gianoncelli
et al., 2009, 2013) correlates the elemental distribution to the
morphology. For the present experiments we selected X-ray
energies to excite and get optimal emission conditions for the
elements of major interest, namely Fe, Si and Mg and other lighter
elements, in particular O, relevant to the formation mechanisms of
the asbestos body. The images were acquired by raster-scanning
the samples across the beam, with a spot size ranging from of
300 nm at 1 KeV and 600 nm at 1.9 keV. The LEXRF dwell time
varied between 6 and 8 s. The sample was mounted on a x-y stage
(with the incoming beam perpendicular to the sample surface)
facing a 8 Silicon Drift Detectors placed 2 cm from the sample, with
a total active area of 240 mm2 (Gianoncelli et al., 2013). The
measurements were performed under vacuum, with a pressure of
around 8  106mbar.
The elemental distribution was obtained by processing and
deconvoluting the XRF spectra with the PyMCA software (Sole
et al., 2007).Fig. 2. XRF analyses in a control lung. (For interpretation of the references to color in 
Control lung sample analyzed at 12.74 keV with a spot size of 2 mm, over an area of 0.3 
zinc map. The average concentration of Ca in the two areas is close to the detection lim
lower, average concentration of Zn is 20 ppm in the subarea. Fe panels: the average Fe2.5. Statistical analysis
The tissue concentrations (ppm) of Ca, Fe and Zn were
correlated calculating the Spearman’s rank correlation coefﬁcient.
3. Results
3.1. Lung histopathology, BALF evaluation and lung histological
staining for iron and calcium
Lung histopathology, bronchoalveolar lavage cell composition
and lung histological staining for iron and calcium are described by
(Trevisan et al., in press). Altogether these histological results
demonstrate that already at 1 month of exposure, 100 mg of
asbestos had triggered a relevant inﬂammatory and atypical
hyperplastic reaction. Despite this, using the conventional staining
techniques (Perl’s blue histochemical stain was used to reveal
ferric iron, while tissue staining for calcium was performed by Von
Kossa), the evaluation of iron and calcium ions deposition revealed
only few weak positive cells, very likely macrophages with (or even
without) ingested ﬁbers. Accordingly this ﬁnding cannot be
considered a signiﬁcant contribute to asbestos-related pathology.
No asbestos bodies were observed in the exposed animals of the
study.this ﬁgure legend, the reader is referred to the web version of this article.)
 1.3 mm2. The bottom row represents the area indicated by the red dotted box in the
its. Scale bars are in ppm. Zn panels: upper, average concentration of Zn is 12 ppm;
 content is around 450 ppm.
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The XFM beamline using a 12.74 keV beam energy applied to the
10 mm thick samples allowed the determination of the distribution
and concentration of three chemical elements: Ca, Fe and Zn.
Initially, a standard sample of crocidolite ﬁbers (the same used
in the animal) deposited onto an ultralene foil was analyzed using a
spatial resolution of 2 mm. As shown in Fig. 1, Fe maps clearly allow
to identify the ﬁbers that have a length ranging from few to
hundreds of microns (Fig. 1, panel a). Panels 1a, 2a and 3a show
subareas of panel a, better revealing the Fe concentration in the
ﬁbers. The calculated Fe content in single crocidolite ﬁbers ranged
from hundreds to around 25,000 ppm (corresponding to 0.01–2.5%
w/w). It must be noted that the system underestimate Fe
concentration on single ﬁbers since the spot size of the X ray
beam (2  2 mm) is always greater than ﬁber diameters (<1 mm):
however concentrations for different samples can be compared
since they are calculated in the same conditions.
Neither Ca (Fig. 1, panel b) nor Zn (not shown) were detected in
the ﬁbers, in agreement with the expected formulation (seeFig. 3. Mouse lung one month after ﬁber instillation: histological appearance and XRF ana
Panel b: higher magniﬁcation (of the area indicated by the green dotted box in a) to sh
interpretation of the references to color in this ﬁgure legend, the reader is referred to 
Panels Zn, Fe and Ca: XRF maps of Zn, Fe and Ca of the lung tissue area (0.7  0.5 mm2, sh
intensity scales are in ppm.material and methods section). It is worth noting that, despite
being well deﬁned, iron did not appeared to be homogeneously
distributed inside the ﬁber. Its distribution showed a segmented
and even polarized appearance.
Fig. 2 shows an example of Ca, Fe and Zn distribution in a mouse
control lung tissue. The elemental maps in the upper row were
collected on an area of 0.3  1.3 mm2; a detailed subarea of a
bronchiole is shown in the lower row. Of the three elements, Zn in
particular delineates the tissue morphology (see text below),
revealing parts of the alveolar structure. The concentration of Zn in
the tissue ranges from 20 to 50 ppm. Ca concentration rarely
reaches values above 80 ppm, while the average Fe content is
around 450 ppm.
A different elemental distribution is observed in the inﬂamed
lung tissue regions of the mice exposed to crocidolite, 1 month
after treatment. An example is the highly inﬂamed region shown in
Fig. 3 (panel a), where histological examination at higher
magniﬁcation reveals the presence of ﬁbers phagocyted by local
macrophages (arrows in panel b).lyses. Panel a: H&E-stained lung section of an inﬂamed region of an exposed mouse.
ow the presence of ﬁbers (arrows) in connection with alveolar macrophages. (For
the web version of this article.)
own in the blue box in a), acquired at 12.74 keV with a spot size of 2 mm. The colour
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analyzed under the XRF set-up of XFM (12.74 keV) at a resolution of
2 mm. The distribution and concentration of Zn, Fe and Ca in the
same inﬂamed region (700 mm  500 mm2, blue box) are shown in
Fig. 3: panels Zn, Fe and Ca. While Zn seems to delineate the tissue
morphology, Fe and Ca have a less homogenous distribution. In
particular, the high concentration of iron in speciﬁc small areas
displays a long-limbed distribution, suggesting the presence of
asbestos ﬁbers. In these areas Fe concentration can in fact reach
15,000 ppm, in agreement with the Fe content evaluated in
crocidolite ﬁber standard of similar size (Fig. 1).
It's worth noticing that Ca presence is extremely high in the
same regions in which Fe seems to delineate the ﬁbers, as
evidenced by the following Figs. 4 and 5.
Regarding the calculated average concentrations (average
counts on 100  100 mm areas), while Zn has a similar concentra-
tion in control and exposed lung, Ca appears to be around 5–6
times higher than controls. Similarly Fe is more than 10 times
higher in the inﬂamed asbestos containing lung tissue regions vs
controls.
We decided to better analyze smaller regions of the tissue area
of Fig. 3 (blue box) containing the hypothesized asbestos ﬁbers.
From the Fe panel of ﬁgure 3 (depicted again as panel a in Fig. 4) we
selected 18 possible asbestos ﬁbers, identiﬁed as having the
highest Fe concentration and the elongated appearance. Panel a in
Fig. 4 represents the map of these selected subareas, numberedFig. 4. XRF analyses in an exposed lung. (For interpretation of the references to color 
Panel a: Fe map of the area reported in the blue box in panel a of Fig. 3, with the indic
quantiﬁcations were conducted and are shown in Table 1. The yellow dotted box deﬁnes 
right panels, while the areas marked in red are the ones analyzed at the TwinMic beamline
between Fe and Ca concentrations as determined from Table 1 (see text).from 0 to 17, with average Ca and Fe content reported in Table 1.
The other panels (right column) detail a sub-region (yellow dotted
box of panel a), showing at higher magniﬁcation selected element
distributions. The regions selected for Table 1 have dimensions in
the range of 30–50  30–50 mm2, and were chosen with the intent
of maximizing the amount of iron rich structures, while minimiz-
ing the presence of tissue around the supposed asbestos ﬁbers. It is
to be noted that a high presence of Ca tends to correlate with that of
Fe, while Zn content ranges from 5 to 50 ppm, as in the control
tissue.
As shown in Fig. 4, panel b), which illustrates the concen-
trations of calcium and iron of Table 1, there is a highly signiﬁcant
statistical positive correlation between Ca and Fe (Spearman’s
correlation coefﬁcient = 0.7276; p < 0.001). No correlation was
found when correlating Ca vs Zn, or Fe vs Zn. Interestingly, the iron
distribution in the asbestos ﬁbers present in the tissue appears to
be more homogeneous and diffuse compared to that found in pure
crocidolite ﬁbers (Fig. 1).
3.3. Elemental mapping under soft X-ray ﬂuorescence
Even if high Fe concentration can already be considered proof of
crocidolite ﬁber occurrence, ﬁnal conﬁrmation was provided by
elemental mapping using soft X-rays. XRF maps were collected at
higher resolution (300 nm spot size) at the TwinMic beamline
(Elettra-Sincrotrone Trieste, Trieste, Italy) (Kaulich et al., 2006).in this ﬁgure legend, the reader is referred to the web version of this article.)
ation of 18 sub-areas (white numbered small boxes) where average Fe, Zn and Ca
the area (275 125 mm2) for which XRF analyses of Zn, Fe and Ca are reported in the
 (see see Fig. 5 and Fig. S1). The color intensity scales are in ppm. Panel b: correlation
Fig. 5. Absorption (Abs) and phase contrast (PhC) images (48  30 mm2, 300 nm spot size) reported with the corresponding soft XRF semi-quantitative analyses of O, Mg, Fe
and Si content over an area of 48  30 mm2, indicated as red box 2 in Fig. 4a. The intensity scale indicates increasing signal strength. Fe content is shown using a logarithmic
scale. The energy used was 1 keV for O and Fe and 1.9 keV for Mg and Si. The bottom row represents sub-maps of the same area from the hard XRF analyses (at 12.74 keV, pixel
of 2 mm). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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allow to see the morphology of the tissues and the ﬁbers, while the
simultaneous XRF maps show the distribution of light chemical
elements and iron (Gianoncelli et al., 2009, 2013). For elementalTable 1
Elemental average concentration of Ca, Fe and Zn (indicated in ppm) in the areas
marked in Fig. 4.
Area Ca (ppm) Fe (ppm) Zn (ppm)
#0 1215 6527 52
#1 2419 15457 19
#2 1082 4701 46
#3 1490 5012 81
#4 763 5455 44
#5 1856 8019 41
#6 1222 9866 5
#7 430 3994 33
#8 596 4965 28
#9 1091 5855 50
#10 1054 6464 31
#11 1073 5949 46
#12 1080 6547 34
#13 1305 7830 44
#14 686 3416 50
#15 1128 7223 25
#16 413 4213 27
#17 977 7253 30mapping two different energies were selected, 1.9 keV and 1 keV to
optimize the excitation of Si and Fe respectively. Fig. 5 and
supplementary Fig. S1 show the distribution of O, Fe, Mg and Si in
the areas indicated as 2, 8 and 1 red boxes showed in Fig. 4a. These
low energy elemental maps can provide qualitative and semi-
quantitative measurements (arbitrary units for Fluorescence
signal). In both ﬁgures Si clearly delineates the asbestos ﬁbers,
while Mg is mainly present around the ﬁbers in a slightly more
extended area, suggesting a ﬁrst step of asbestos coating formation
(Pascolo et al., 2013). Fe seems to be distributed mainly on the
ﬁbers, but when displayed it on a logarithmic scale (Panel Fe in
Fig. 5 and supplementary Fig. S1) Fe seems to be also present and
increased just around the ﬁber and in some features in the tissue.
In Fig. 5, the phase contrast and absorption images together with
the O distribution shapes seem to outline a cellular structure/
shape. The bottom row (Fig. 5) represents the hard X-ray
ﬂuorescence sub-maps of Fig. 4a (red box 2), allowing a better
appreciation of the co-localization of Fe and Ca (at high energy)
and to associate them to Si and Mg. However, the Si image
delineates more clearly the location and shape of the asbestos ﬁber.
Elemental mapping under soft X-ray ﬂuorescence of areas
corresponding to boxes 8 and 1 (Fig. 4a, red boxes) are shown
in supplementary Fig. S1, further supporting the observations
made for Fig. 5.
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The accumulation of iron in the tissue of experimental animals
exposed to asbestos ﬁbers is well documented and thought to be a
key event in the pathogenesis of asbestos related diseases (Ghio
et al.,1997, 2009; Shannahan et al., 2012). However in these studies
only a weak iron deposition was spotlighted using Perl’s staining
procedure in sites where ﬁbers accumulated, suggesting that
inhaled ﬁbers may catalyze the iron overload in the target tissue.
Our histochemical ﬁndings (Trevisan et al., in press) completely
agree with those of Ghio and Shannahan: Perl’s staining after one
month revealed only weak signals of iron deposition in the tissues.
However, when synchrotron light is employed we can obtain a
more complete and detailed information.
X-ray microscopes, operated at the synchrotron facilities, offer
increased spatial resolution than visible light ones and chemical
information on the analyzed specimen. Moreover, compared to
electrons, X-rays have a greater penetration depth, allowing for
easier sample preparation and therefore opening new opportu-
nities for investigating biological samples with submicrometer
lateral resolution.
Elemental mapping under hard X-ray ﬂuorescence revealed
that iron is more than 10 times higher in the inﬂamed asbestos
containing lung tissue regions. Fe seems to be distributed mainly
on the asbestos ﬁbers, as expected from the chemical formula of
UICC crocidolite (Stroink et al., 1980), but when displayed on a
logarithmic scale it is possible to notice that Fe is also present and
increased just around the ﬁber and in some features in the tissue.
This sensitive technique revealed that early iron deposition takes
place just around the tissue ﬁber, suggesting that the ﬁber may act
as a centre for iron accumulation. At the same time signiﬁcant
histological changes were also frequently found where ﬁber and
iron accumulated, showing either chronic inﬂammatory reaction,
ﬁbrosis or atypical hyperplastic reaction, thus suggesting a
possible causal relationship between ﬁber-induced iron overload
and the triggering of asbestos related disorders.
As reported by other authors (Xu et al., 2012) we found that
interstitial tissue ﬁbers were rarely found. When found, they were
long, while short ﬁbers were almost exclusively found inside
alveolar macrophages or in macrophage-derived giant cells. This
ﬁnding was supported by the appearance of broncho-alveolar
lavage (BAL) macrophages which were engorged with ingested
ﬁbers (Trevisan et al., in press). On the other hand, as expected,
cell-free ﬁbers were never found in BAL ﬂuid (not shown).
Furthermore, long shaped ﬁbers appeared to be ingested by two
or even three macrophages at the same time. We don't know if long
free tissue ﬁbers are also surrounded by tissue iron, but ﬁnding the
short-ﬁber type inside the macrophages suggests that these cells
are the main cell type involved in storing the inhaled (mainly
short) ﬁbers and in triggering the accumulation of iron, thus
conﬁrming the data reported by Koerten and colleagues (Koerten
et al., 1990).
Another relevant ﬁnding reported here is the co-localization of
tissue calcium and iron accumulation on the asbestos ﬁber. It has
been known for a long time that asbestos ﬁbers in the lung may be
associated with crystalline deposits of calcium salts and macro-
phages surrounding the asbestos ﬁbers are thought to be
responsible for such calcium deposition (Davis, 1970a,b; Brody
and Hill, 1982; Koerten et al., 1990; Oghiso et al., 1984). In a
previous study, we investigated late human tissue reaction to the
presence of asbestos using a medium energy XRF microscopy set-
up, and we showed that the calcium concentrated only in the
formed human ABs, while apparently there was no Ca increase
around thin ‘naked’ ﬁbers (Pascolo et al., 2013). In the present
study we analyzed early tissue reaction to asbestos exposure in a
murine model using high and low energy XRF microscopy set-upsand observed an early simultaneous deposition of iron and calcium
on inhaled asbestos ﬁbers.
A preliminary histochemical light microscope analysis for
tissue calcium deposits revealed a very weak positive signal at sites
associated with macrophages and asbestos ﬁbers (Trevisan et al., in
press), but, also in this case, elemental mapping under hard X-ray
ﬂuorescence provided new details. There appears to be about 5–6
times more Ca in the inﬂamed asbestos-containing lung tissue and
the accumulation of calcium in small speciﬁc areas has the same
long-legged appearance, outlining the shape of asbestos ﬁbers, of
that previously observed for Fe. Given that iron and sodium are the
dominant cations in crocidolite, we can afﬁrm that calcium is not a
constitutive component, but is deposited onto the asbestos ﬁber.
The synchrotron-light analysis (hard-XRF) of elements depos-
ited on/around 18 ﬁbers showed that the amount of calcium
deposited on/around the ﬁber is directly proportional to the
amount of iron. This relation was statistically signiﬁcant and was
not found when the amount of Ca and Zn were considered.
On the basis of our results, we can speculate that Fe presence or
deposition on inhaled asbestos ﬁbers may induce simultaneous Ca
deposition, which in turn could sustain and amplify iron
aggregation around the ﬁbers.
The formation of calcium (phosphate) deposits consequent to
cell injury is a well-known phenomenon and is caused by a variety
of materials that interact with cell membranes (Trump et al., 1980;
Farber,1981). It is believed that membrane damage allow the inﬂux
of extracellular Ca ions into the cell, where it complexes with
phosphate groups, ultimately forming crystalline apatite (Trump
et al., 1980). In the case of asbestos-induced calciﬁcation, it is not
entirely clear how the ﬁbers initially interact with cell membranes
(Harington et al.,1975; Brody and Hill,1982,1983; Hesterberg et al.,
1986; Malorni et al., 1990; Elferink and Kelters, 1991; Dopp et al.,
2000; Nagai and Toyokuni, 2012; Bernareggi et al., 2015), nor is it
known why the precipitates form intracellular deposits around
asbestos ﬁbers as earlier described by Brody and Hill (Brody and
Hill, 1982).
Recently, Ryan and colleagues have shown that cytosolic Ca in
macrophages exposed to asbestos (chrysotile) increases signiﬁ-
cantly within minutes after asbestos exposure and remains
elevated for a prolonged time (Ryan et al., 2014). They hypothesize
that oxidative stress in asbestos-exposed macrophages can trigger
calcium release from endoplasmic reticulum (ER) disrupting
calcium homeostasis in these cells.
Our ﬁndings suggest that asbestos ﬁbers, disrupting not only
iron, but also calcium homeostasis in lung macrophages, could
trigger simultaneous iron and calcium deposition on the ﬁbers.
One question remains: in which form does iron accumulate on and
around the ﬁber? Iron is only transiently free, it is mostly
associated with proteins involved in its trafﬁc and storage. We
think it is very likely that the iron deposited around/on the ﬁber,
we detected by XRF analysis, is also associated with a protein. The
best candidate protein for the accumulation of iron around/on the
ﬁber is ferritin. We have demonstrated that the asbestos body
coating includes ferritin as a component in an aggregated form
(Borelli et al., 2007). It is also known that the synthesis of ferritin is
strongly increased in cell cultures already 24 h after the addition of
asbestos (Fang and Aust, 1997) and that ferritin is involved directly
in the alteration of iron homeostasis induced by asbestos (Ghio
et al., 2008, 2009). We have also shown that ferritin in the asbestos
body coating is misfolded (Pascolo et al., 2015). This could be a
consequence of its aggregation around the ﬁber. We speculate that,
in lung macrophages, ferritin misfolding may be triggered by both
adsorption on the ingested ﬁber [as shown for amosite (Fubini
et al., 1997)] and by the concomitant increase of cytosolic calcium,
perhaps induced by the interaction of the crocidolite ﬁber with the
plasma membrane, as already suggested for human neutrophilic
L. Pascolo et al. / Toxicology Letters 241 (2016) 111–120 119granulocytes (Ishizaki et al., 1997) or due to calcium being released
from the ER, as recently shown in asbestos treated A549 cells
(Kamp et al., 2013). These processes could result in loss of ferritin
function and in the failure, for this protein, to oxidize ferrous ions,
thereby increasing free radical production. Furthermore, the
accumulation of misfolded proteins inside the cells is known to
be cytotoxic (Ando et al., 1997). Altogether these events could
induce continuous cell death, despite cell defense mechanisms,
and trigger and maintain chronic inﬂammation, which in turn can
favour neoplastic transformation. Investigations on the processes
involved in this scenario are underway.
5. Conclusions
In conclusion, on the basis of our ﬁndings, obtained in native
physiological environments under controlled conditions of asbes-
tos exposure (such those made possible only by animal models),
we hypothesize that the ﬁrst steps of the bio-mineralization
process of asbestos ﬁbers that takes place inside the macrophages
could involve simultaneous iron and calcium deposition on the
ﬁbers, generating oxidative stress and resulting in chronic
inﬂammation, tissue ﬁbrosis and hyperplasia.
In the present paper, by exploiting synchrotron-based X-ray
microscopy we ﬁrstly demonstrated that iron and calcium
deposition can be evaluated signiﬁcantly and quantiﬁed proce-
dures. Secondly this evaluation allowed to establish that calcium
and iron depositions are proportionally directly related so they
should be triggered by related processes, which are very likely
triggered by the asbestos cell interaction. We believe that the
synchrotron-based X-ray microscopy is a valuable and suitable
tool, which will further our understanding of the chemical
interactions of asbestos ﬁbers in tissue as well as of the reasons
for the peculiar iron accumulations in the pathogenesis of
asbestos-related diseases.
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